INTRODUCTION
The main target of UV-C irradiation in living cells is nuclear DNA. The formation of DNA lesions such as pyrimidine dimers and TC(6-4) photoproducts inhibits DNA replication as well as transcription of RNA and causes chromosomal breakage, DNA recombination, mutations, and reproductive cell death (Friedberg et al., 1995) . UV-C light also targets extranuclear macromolecules, inducing signal transduction pathways via the activation of membrane receptors such as insulin receptor, platelet-derived growth factor, fibroblast growth factor, and epidermal growth factor receptor (Canman and Kastan, 1996) . Programmed cell death (apoptosis) induced by UV-C light in various cell types has been proposed to be a consequence of receptor activation (reviewed in Schwarz, 1998 ). This conclusion is based mainly on the finding that UV-C provokes clustering of CD95R, which leads to activation of the apoptotic caspase network (Rehemtulla et al., 1997; Aragane et al., 1998) . Another line of evidence suggests activation of growth factor receptors to stimulate mitogen-activated protein kinase cascade, which activates transcription factors targeting genes that are involved in cell survival and apoptosis (Canman and Kastan, 1996) . However, the model of receptor-mediated activation of apoptotic pathways in cells exposed to a DNA-damaging agent does not clearly consider nonrepaired DNA damage to be involved as a primary trigger of apoptosis. It also does not allocate DNA repair to play a role in defense against apoptosis.
A major defense mechanism against the deleterious effects of UV-C light is nucleotide excision repair (NER). NERdeficient cells are generally hypersensitive to the cytotoxic, mutagenic, and genotoxic effects of UV-C light (Wood and Burki, 1982; Westerveld et al., 1984; Stefanini et al., 1986; Weber et al., 1988; Weeda et al., 1990; reviewed in Friedberg et al., 1995) . The hypersensitivity of repair-deficient cells to the cell-killing effect as measured by reproductive cell death (colony formation) could theoretically be due to apoptosis, necrosis, mitotic death, or irreversible cell cycle arrest (Orren et al., 1997) . The contribution of nonrepaired DNA damage induced by various genotoxins to either one of these endpoints, notably apoptosis, still needs to be clarified. Also, it is not clear whether DNA damage-induced pathways interact, by cooperation or inhibition, with receptor-mediated signaling.
UV-C light activates the p53 tumor suppressor protein. This activation has been shown to control cell cycle arrest, blocking G1/S and G2/M transition (Agarwal et al., 1995; Guillouf et al., 1995) . This is supposed to permit cells to repair DNA damage before passing through S phase or entering mitosis (Ponten et al., 1995; Poon et al., 1996) . Furthermore, p53 has been shown to be directly involved in DNA repair (Ford and Hanawalt, 1997; Smith et al., 2000; Zhou et al., 2001) and in the regulation of the expression of DNA repair genes such as alkyltransferase (Rafferty et al., 1996; Grombacher et al., 1998) . These functions of p53 are obviously protective, reducing genotoxicity of DNA-damaging agents. In contrast, p53 is a major player of apoptotic signaling (Reinke and Lozano, 1997) , being involved in down-regulation of antiapoptotic Bcl-2 (Haldar et al., 1994; Miyashita et al., 1994) and up-regulation of proapoptotic Bax (Miyashita and Reed, 1995) and CD95R/FasR (Muller et al., 1998) . It has been suggested that stalling of the transcription machinery by UV-C light-induced DNA lesions leads to activation of p53, thus initiating apoptosis (Ljungman et al., 1996 (Ljungman et al., , 1999 . p53 induction by UV light has also been shown to occur in human epidermal cells where it causes apoptosis and sunburn (Brash et al., 1996) . Apoptosis, however, can also be induced in a p53-independent manner upon exposure of cells to UV-C light and other kinds of DNA-damaging agents (Strasser et al., 1994) , which was recently shown to be true also for p53-deficient mouse fibroblasts (Lackinger and Kaina, 2000) . This indicates the existence of hitherto unknown p53-independent mechanisms involved in DNA damage-triggered apoptosis.
UV-C light blocks DNA replication, as all genotoxic agents do (Painter and Howard, 1982) . Immediate replication blockage is due to inhibition of replication initiation and, at high-dose level, to DNA chain elongation (Kaufmann and Cleaver, 1981; Drissi and Lee, 1998; McGregor, 1999) . UV-C induces DNA breaks and homologous as well as nonhomologous DNA recombination, which are detectable in the first post-treatment mitosis as chromatid-type aberrations. This process is strictly bound on replication of DNA containing nonrepaired lesions. It has been suggested that blockage of DNA replication is causally related to the formation of DNA double-strand breaks (DSBs) and chromosomal aberrations because of nuclease attack at stalled replication forks (Kaina, 1985 (Kaina, , 1998 . DSBs are also formed as a consequence of replication of DNA containing other kinds of damage, such as the alkylation lesion O 6 -methylguanine. This lesion has previously been shown to be majorly responsible for cell killing in alkyltransferase-deficient cells (reviewed in Kaina et al., 1997b) and to be ultimately involved in activating the apoptotic pathway (Tominaga et al., 1997; Kaina et al., 1997b; Meikrantz et al., 1998; Hickman and Samson, 1999; Ochs and Kaina, 2000) . It has also been proposed that DSBs are the ultimate trigger of O 6 -methylguanine-induced apoptosis (Ochs and Kaina, 2000) . In view of these findings, the question arises as to a possible involvement of DSBs in UV-C light-induced apoptosis. Herein, we show that apoptosis induced by UV-C light in fibroblasts requires cell cycle progression and DNA replication and is related to DNA strand break formation, which causes Bcl-2 decline and caspase activation in a p53-independent manner.
MATERIALS AND METHODS

Materials
All antibodies used for Western blotting were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). We used the antibodies antiBcl-2 (clone C-2), anti-Fas (clone M-20), and anti-ERK2 (C-14). The p53-promoter-mdm2-luciferase plasmid was provided by Dr. M. Oren (Rehovot, Israel). The general cell-permeable caspase inhibitor N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone (zVAD-FMK) was purchased from R & D Systems (Minneapolis, MN). Fluorescein isothiocyanate (FITC)-coupled zVAD-FMK is a product of Promega (Madison, WI). FITC-coupled anti-bromo-deoxyuridine (BrdU)-antibody is a product of BD Biosciences (San Jose, CA).
Cell Lines
In our experiments, we used the parental Chinese hamster ovary cell line CHO-9 and the UV-C-hypersensitive derivatives 43-3B and 27-1 (Wood and Burki, 1982) . 43-3B cells are mutated in the ERCC1 gene (Westerveld et al., 1984) , whereas 27-1 cells are mutated in the ERCC3 gene (Weeda et al., 1990) . The corresponding gene products, ERCC1 (5Ј endonuclease) and ERCC3 (helicase), are required for the incision step of the NER pathway. Therefore, cells in which these genes are inactivated are unable to perform NER. Stably complemented 43-3B cells by transfection with the cloned gene (herein designated as 43-3B/ERCC1 cells) were kindly provided by Dr. R. Wood (Pittsburgh, PA). Cells were cultured in DMEM/F-12 medium containing Glutamax (Invitrogen, Carlsbad, CA) and 5% fetal calf serum at 37°C in an atmosphere containing 7% CO 2 . Established mouse fibroblasts (the line BK4 generated in this laboratory) and primary mouse fibroblasts (Lackinger and Kaina, 2000) were cultured in DMEM containing 10% fetal calf serum. Transfected cell lines were selected by G418 (1.5 mg/ml).
UV-C Treatment
Before UV-C treatment, the culture medium was removed, cells were irradiated, and the medium was added again immediately after irradiation. The UV-C lamp used was calibrated routinely.
Survival Experiments
Four hundred cells were seeded into 6-cm dishes. Then 8 -10 h later, the culture medium was removed and cells were irradiated with different doses of UV-C. One week later colonies were fixed with methanol and stained with 1.25% Giemsa, 0.125% crystal violet for counting. Survival was expressed in relation to the untreated control. Values are given as the mean of three independent experiments. washed in ice-cold phosphate-buffered saline (PBS), and resuspended in 30 l of cold annexin V binding buffer (10 mM HEPES pH 7.4, 0.14 M NaCl, 0.25 mM CaCl 2 ⅐ 2H 2 O, 0.1% bovine serum albumin, wt/vol). After addition of 1.5 l of annexin-V-FITC (BD PharMingen, San Diego, CA) cells were incubated for 15-30 min in the dark. At least 264 l of binding buffer and 6 l of propidium iodide (50 g/ml) were added per sample. Samples were analyzed on a FACSort flow cytometer (BD Biosciences). For each sample, 10,000 cells were analyzed. The number of apoptotic and necrotic cells was calculated using a computer program (Cell Quest software; BD Biosciences). For semiquantitative determination of apoptosis, DNA laddering assays were performed as described (Ioannou and Chen, 1996) . DNA of UV-C treated or untreated cells was isolated 48 h after irradiation.
Determination and Quantification of Apoptosis
Equal amounts of DNA of each sample were separated on a 1.5% agarose gel. To evaluate the number of cells with enhanced apoptotic caspase activity, treated and untreated cells were incubated in the dark in medium containing 10 M FITC-VAD-FMK. Thereafter, cells were trypsinized and analyzed by flow cytometry. For simultaneous determination of DNA content and caspase activity, cells were trypsinized after incubation with FITC-VAD-FMK, washed with ice-cold PBS, and fixed in ice-cold 70% ethanol for a minimum of 1 h. Thereafter, cells were centrifuged, resuspended in 300 l of PBS, and treated with RNase A for 30 min at room temperature. Finally, propidium iodide was added to a final concentration of 16 g/ml and 10,000 cells were analyzed by flow cytometry.
BrdU-Enzyme-linked Immunosorbent Assay (ELISA)
For determination of DNA synthesis we used the Cell Proliferation ELISA BrdU assay (Roche Molecular Biochemicals, Mannheim, Germany) according to the manufacturer's protocol. Briefly, cells cultured in 96-microwell plates were pulse labeled for 1 h with 10 M BrdU. Thereafter, cells were fixed and DNA was denaturated for 30 min. After 1 h of incubation with a peroxidase-coupled anti-BrdUantibody, cells were washed three times with PBS. Thereafter, peroxidase substrate (tetramethylbenzidine) was added for 30 min and measurements were performed on an ELISA reader (405 nm).
Neutral Single Cell Gel Electrophoreses (SCGE)
Treated and untreated cells were trypsinized and washed with PBS. Cell concentration was equilibrated to 1 ϫ 10 6 /ml. Cell suspension (10 l) was resuspended in 120 l of 0.5% low melting point agarose at 37°C, spotted onto a microscope slide, and covered with a coverslip. After keeping on ice for 5 min and removing the coverslip, slides were incubated in neutral lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1% Na-laurylsarcosinate, pH 7.5) for 1 h. Thereafter, slides were placed into an electrophoreses chamber filled with electrophoreses buffer (90 mM Tris, 90 mM boric acid, 2 mM EDTA, pH 7.5). Thereafter, electrophoreses were performed, slides were washed in water, fixed in ethanol, and air dried. Analysis of 50 cells/sample was performed automatically after staining with 20 g/ml ethidium bromide on a fluorescence microscope by using a charge-coupled device camera connected to a personal computer and analysis software (Fuji Imaging, Tokyo, Japan).
Chromosomal Preparations
Treated and untreated cells were incubated in medium in the presence of 50 ng/ml colcemid for 2 h. Thereafter, cells were trypsinized. Trypsinized cells were collected together with the medium, centrifuged, washed with PBS, and centrifuged again. Thereafter, the cell pellet was resuspended and incubated in 75 mM KCl for 7 min at room temperature and centrifuged. Afterward, the cell pellet was resuspended in 2 ml of 75 mM KCl, and 12 ml of ice-cold methanol/acetic acid (3:1) was added. After centrifugation, cells were resuspended in methanol/acetic acid and incubated at Ϫ20°C for a minimum of 30 min. Thereafter, cells were again centrifuged and resuspended in methanol/acetic acid. The cell pellet was resuspended in 1 ml of methanol/acetic acid (1:1), spotted onto an ice-cold wet microscope slide, and fixed by heating. After Giemsa staining, the preparations were analyzed under a microscope. At least 100 metaphases were scored per measure point.
BrdU-In Situ Staining
Immediately after irradiation of cells grown on a coverslip, BrdU was added into the culture medium up to a final concentration of 10 M/ml. After a postincubation period of 36 h, cells were washed with cold PBS, fixed onto the coverslip, and DNA was denaturated for 30 min. Thereafter, cells were incubated with an FITC-coupled anti-BrdU antibody in the dark for 30 min. Then cells were washed three times for 5 min with PBS. For chromatin staining, cells were incubated for 5 min in a 10-l solution (1 g/ml). The percentage of BrdU-stained cells with apoptotic chromatin morphology was determined using a fluorescence microscope.
Transfection Experiments
Cells were stably transfected with Bcl-2 expression plasmid (Dimmeler et al. 1999) as previously described (Ochs and Kaina, 2000) .
Reporter Gene Assay
Cells were transfected with a p53-driven mdm-2-promoter-luciferase plasmid by means of the calcium phosphate coprecipitation method as described above. Transfected cells were split into two culture dishes serving as a control and treatment dish, respectively. Ten hours thereafter cells were either treated with 15 J/m 2 UV-C or left untreated. Twelve hours after treatment cells were trypsinized, washed in cold PBS, and resuspended in 0.25 M Tris pH 8.0. Thereafter, cells were frozen in liquid nitrogen and thawed quickly at 37°C for three times. Finally, the suspension was centrifuged for 10 min at 10,000 ϫ g and protein concentration of the supernatant was determined. Protein (10 g) of each probe in a total volume of 20 l was used for luciferase activity measurement. Measurements were made using the Berthold luminometer Sirius.
Preparation of Cell Extracts
Trypsinized treated and untreated cells were washed with cold PBS, resuspended in sonification buffer (20 mM Tris-HCl pH 8.5, 1 mM EDTA, 5% glycerin, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride), and sonified. The resulting suspension was centrifuged with 20,000 ϫ g for 15 min. Supernatants were collected and protein concentration was determined.
Western Blot Analysis
Protein (20 -30 g) of the probes was separated on a 7.5-12% SDS polyacrylamide gel. Thereafter, proteins were blotted onto a nitrocellulose transfer membrane (Protran; Schleicher & Schuell, Dassel, Germany) for 3 h or, in some experiments, overnight. Membranes were blocked for 2 h in 5% (wt/vol) milk powder in PBS containing 0.1% Tween 20 (PBT), incubated for 2 h with the primary antibody (1:3000 -5000 dilution), washed three times with PBT, and incubated for 1 h with a horseradish peroxidase-coupled secondary antibody 1:3000 (Amersham Biosciences AB, Uppsala, Sweden). After final washing with PBT (3 times for 10 min each) blots were developed by using a chemiluminescence detection system (Amersham Biosciences AB).
Transcription Measurement
Treated and untreated cells were pulse labeled for 1 h with 0.5 Ci/ml [ 3 H]uridine triphosphate. After trypsinization, cells were sucked onto glass microfiber filters, washed carefully with 10% trichloroacetic acid and three times with aqua dest., and finally with ethanol. Thereafter, filters were air dried and measured by scintillation counting.
RESULTS
NER-deficient Cells Are Hypersensitive to UV-Cinduced Apoptosis
The NER-deficient CHO cell lines 27-1 and 43-3B mutated in ERCC3 and ERCC1 gene, respectively, are known to be hypersensitive to UV-C light. The killing response of these cells in comparison with the wild-type and ERCC1-complemented 43-3B cells as determined by reduction in colony formation is shown in Figure 1A . Annexin staining and flow cytometric measurement showed that these cells are also hypersensitive to the induction of apoptosis. Within the dose range in which survival of complemented and wild-type cells was not yet affected 27-1 and 43-3B cells showed a dose-dependent increase in apoptosis ( Figure 1B) . The frequency of necrosis (for quantification, see MATERIALS AND METHODS) was only slightly enhanced in the DNA repair-deficient cells (our unpublished data ).
To confirm increase of the induction of apoptosis by UV-C light in the NER-deficient cells and to determine the time of initiation of apoptosis after UV-C treatment, DNA laddering assays were performed. As demonstrated in Figure 1C , apoptotic DNA degradation started ϳ15 h after UV-C irradiation in the NER-deficient cells. We also measured overall caspase activation by flow cytometry of FITC-VAD-FMKstained cells. Induction of caspases was first observed 15 h after UV-C treatment and further increased with the time of postincubation ( Figure 1C, right) .
UV-C-induced Apoptosis in NER-deficient Cells Requires Cell Cycle Progression
To address the question of whether cell cycle progression is necessary for UV-C-induced apoptosis, we comparatively investigated UV-C-induced apoptosis in serum-starved and nonstarved cells. Serum starvation of CHO-9 and 27-1 cells for 3 days strongly reduced cell proliferation (Figure 2A ) as well as DNA synthesis ( Figure 2B ). Flow cytometric cell cycle analysis revealed accumulation of starved cells in G1 (Ͼ88% G1 fraction; our unpublished data). Starvation of CHO-9 and 27-1 cells followed by UV-C irradiation resulted in a significant reduction (by ϳ50%) of apoptosis compared with proliferating cells ( Figure 2C ). In this experiment, we used an equitoxic dose (in terms of colony formation) of UV-C for irradiation of CHO-9 and 27-1 cells (40 and 10 J/m 2 , respectively), which yielded nearly identical rates of apoptosis in both cell types. Because with an equitoxic dose of UV light the same frequency of proliferating cells underwent apoptosis ( Figure 2C ), it is reasonable to conclude that apoptosis is a main cause of UV-C-induced cytotoxicity, both in NER-deficient 27-1 and wild-type cells. We should note that the frequency of necrosis was not significantly enhanced in 27-1 cells. Overall, the data obtained with the NER-deficient mutant clearly indicate that DNA damage is the main trigger of UV-C-induced apoptosis. The data also show that UV-C-induced apoptosis requires cell proliferation.
One could argue that serum starvation may alter the sensitivity of cells to UV-C light due to growth factor depletion. To reject this argument, we analyzed UV-C-induced apoptosis without changing the serum concentration as a function of cell density, which determines the confluence status of the adherent growing cells. As shown in Figure 3A , the DNA replication rate declined with increasing cell density. If cells seeded at different density were treated with UV-C light, the frequency of apoptosis induced in CHO-9, 27-1, and 43-3B cells was inversely related to cell density ( Figure 3B) . Obviously, the cells became more refractory to UV-C-induced apoptosis when they were not allowed to replicate extensively.
To gain further support for the conclusion of proliferation dependence of the induction of apoptosis by UV-C light, we compared confluent and subconfluent primary mouse fibroblasts. These cells exhibit contact inhibition more severely than CHO cells. As shown in Figure 3C , contact-inhibited mouse fibroblasts displayed a very strong suppression of UV-C-induced apoptosis if they were treated in a confluent state. The effect was clearly more pronounced than in the CHO cell lines (38 vs. 55% reduction, respectively), which is likely due to nearly complete growth inhibition of mouse monolayers cultures.
UV-C Light Induces Proliferation-dependent DSBs in NER-deficient Cells
Previously, we proposed that DNA DSBs and/or chromosomal aberrations arising from them act as a distal trigger of genotoxin-induced apoptosis (Ochs and Kaina, 2000; Lips and Kaina, 2001) . To see whether this could also be true for NER-deficient cells irradiated with UV-C, we analyzed both endpoints comparatively in CHO-9 and NER-deficient 27-1 cells as a function of dose and time. The data are shown in Figure 4A . Chromosomal aberrations were significantly induced by low doses of UV-C light in NER-deficient cells, whereas only a slight induction was observed within this dose range (0 -10 J/m 2 ) in CHO-9 and 43-3B/ERCC1 cells. Chromosomal aberrations were observed as early as 14 h after irradiation and increased in frequency with increasing postincubation time.
To see whether NER-deficient cells are vulnerable to DSB formation, the frequency of DSBs was analyzed by means of neutral SCGE. DSB induction was observed already 8 h after UV-C irradiation in NER-deficient cells ( Figure 4B ). The induction was a function of dose; it increased notably in NER-deficient 27-1 cells with doses between 5 and 30 J/m 2 (as measured 20 h after irradiation; Figure 4C ). Increase of DSB frequency was also observed in 43-3B cells irradiated with 10 J/m 2 ( Figure 4D ). In NER-proficient cells a similar frequency of DSBs was observed with 40 J/m 2 ( Figure 4D ). To see whether the formation of DSBs by UV-C light depends on DNA synthesis and cell cycle progression, we compared serum-starved and nonstarved cells treated with UV-C light. The frequency of DSBs was clearly reduced in irradiated starved cells ( Figure 4E ).
One could argue that DNA strand breaks observed by SCGE are merely a reflection of apoptotic internucleosomal DNA cleavage. Therefore, we compared the induction of DSBs in cells treated with UV-C alone and UV-C plus zVAD-FMK, which is a general caspase inhibitor. Post-treatment of UV-C-irradiated cells with zVAD-FMK reduced apoptosis frequency nearly to the level of untreated cells ( Figure 5A ). However, application of zVAD-FMK did not affect the level of UV-C-induced DSBs as determined by SCGE ( Figure 5B ). This indicates that DSBs measured by neutral SCGE were not resulting from apoptotic internucleosomal DNA fragmentation.
Most UV-C-induced Apoptotic Cells Underwent S Phase after Irradiation
As revealed by time course experiments, DNA breaks and aberrations preceded the appearance of apoptotic cells. To elucidate whether apoptotic cells have passed through S phase after UV-C irradiation, we labeled UV-C-irradiated cells deficient in NER with BrdU immediately after irradiation and analyzed DNA synthesis and apoptosis (by means of apoptotic nuclear morphology) in the same individual cells by using anti-BrdU antibody as well as 4,6-diamidino-2-phenylindole (DAPI) staining in situ. As shown in Table 1 , ϳ70% of the apoptotic cells were clearly positive for BrdU staining, which is characteristic for replicating cells. This indicates that most cells have progressed through S phase before they were triggered to die by apoptosis. NER-deficient cells pass after UV-C irradiation through the cell cycle (otherwise chromosomal aberrations would not be detectable in the first post-treatment mitoses), but do not significantly proliferate later on (our unpublished data). Therefore, UV-C-induced apoptosis due to DNA damage is likely to be initiated in the postexposure cell cycle, after the cells have passed through mitosis. By simultaneous flow cytometric determination of DNA content and overall caspase activity in treated and untreated cells, we demonstrate that apoptotic caspase activation occurs in all cell cycle phases of UV-C-irradiated cells. Most caspase activity was detectable, however, in the apoptotic sub-G1 population and in cells out of G1 phase ( Figure 6A ). Because most of the apoptotic cells underwent S phase after irradiation (Table 1) , it is reasonable to conclude that G1 phase cells exhibiting strongly enhanced caspase activity undergo apoptosis after the first post-treatment division, i.e., in the first postexposure cell cycle.
UV-C-induced Apoptosis in NER-deficient Cells Does not Require Functional p53 and Fas Receptor (Fas-R) Up-Regulation
Because p53 is considered to be a key regulator of apoptosis upon DNA damage, we analyzed whether CHO-9 and 27-1 cells possess p53 transactivation activity. We used mdm2-promoter-luciferase construct, which is clearly inducible in p53-expressing BalbC cells upon UV-C irradiation. In CHO-9 and 27-1 cells, however, there was no induction of the p53-driven promoter ( Figure 6B ), supporting the view that p53 is mutated and therefore functionally inactive in CHO-9 cells. Obviously, p53 is not involved in UV-C-induced apoptosis in this cell type. We also measured the expression level of Fas-R (CD95R). As shown in Figure 6C , treatment of cells with UV-C did not provoke up-regulation of Fas-R. In a control experiment with doxorubicin, which was reported to induce Fas-R (Fulda et al., 2000) , we also did not find induction, whereas in mouse fibroblasts (BK4 cells expressing p53 wild type) Fas-R was up-regulated ( Figure  6C ). These data indicate that CHO-9 cells and the corresponding NER-defective derivatives are unable to respond with Fas up-regulation to UV-C irradiation. Similar data were obtained with Fas ligand, which proved also not to be induced in CHO-9 cells upon UV-C treatment (our unpublished data).
Decline of Bcl-2 in NER-deficient Cells
To see whether Bcl-2 level is related to UV-C-induced apoptosis, Bcl-2 was quantified as a function of time after UV-C exposure. As shown in Figure 7A , Bcl-2 decreased in the repair competent cells 10 -20 h after irradiation and thereafter recovered, returning to control level ( Figure 7A, left) . In NER-deficient cells, however, a dramatic decrease of Bcl-2 was observed and recovery to the control level did not occur ( Figure 7A , right). As revealed by the time course experiments, in both NER-deficient cell types decrease in Bcl-2 preceded the induction of apoptosis ( Figure 7A, right) . One could argue that NER-competent cells would respond in the same way as repair-deficient cells, albeit at higher dose level at which UV-Cinduced DNA lesions cannot be repaired in time. This is indeed the case. As shown in Figure 7B , Bcl-2 declined in CHO-9 cells irradiated with 40 J/m 2 to the same extent as in 27-1 cells irradiated with 10 J/m 2 . With this low dose, CHO-9 and ERCC-1-complemented 43-3B cells did not display significant Bcl-2 decline. Because NER-deficient cells showed decline of Bcl-2 at a lower UV-C dose level than repair-competent cells, the data indicate that Bcl-2 becomes down-regulated in response to nonrepaired UV-C-induced DNA damage. 
Trancription Blockage in NER-deficient Cells and Apoptosis
To elucidate the effect of UV-C irradiation on transcription, RNA synthesis was measured by uridine incorporation. Transcription was blocked significantly in the dose range of 2-20 J/m 2 with 27-1 cells eliciting a clearly stronger response than the wild type ( Figure 7C ). This finding raised the question of whether increased transcription blockage due to nonrepaired DNA damage is related to Bcl-2 decline and the induction of apoptosis in NER-defective cells. If true one would suppose that inhibition of transcription by a treatment other than UV-C would cause the same effect. To prove this, we treated cells with the transcription inhibitor actinomycin D (Act D). The agent caused a clear suppression of transcription ( Figure 7D ) and, within the same concentration range, induction of apoptosis ( Figure 7E ). We next analyzed the effect of the RNA synthesis inhibitor on Bcl-2 expression, using a concentration of Act D that induced the same yield of apoptosis as 10 J/m 2 of UV-C light (the Bcl-2 expression studies described above were performed by treating cells with 10 J/m 2 UV-C). As shown in Figure 7F , Act D caused decrease in Bcl-2 with a time course similar to that observed after UV-C treatment of 27-1 and 43-3B cells. This supports the view that transcription blockage after exposure to UV-C light is involved in Bcl-2 decline and the induction of apoptosis in NER-deficient cells. To further prove the involvement of Bcl-2 in apoptosis, Bcl-2 was stably overexpressed by transfection in 27-1 cells (unpublished expression data), which were subjected for apoptosis measurements. Figure 8 shows the average response of Bcl-2 transfectants in comparison with 27-1 and vector-transfected 27-1 cells. Bcl-2 transfectants were significantly protected against the induction of apoptosis upon UV-C irradiation. They were not protected as to the level of UV-C-induced necrosis. 
DISCUSSION
Although it is known that UV-C light induces apoptosis in various cell types (reviewed in Schwarz, 1998) , the mechanism still needs to be elucidated. UV-C light acts upon nuclear as well as cytoplasmic targets such as CD95/Fas (Rehemtulla et al., 1997; Aragane et al., 1998) . Although several lines of evidence suggest that DNA damage and activation of the CD95/Fas receptor contribute independently to apoptosis (Schwarz, 1998) , it is not known how important the DNA damage and the receptor triggered pathway for a given cell type are and how UV-C-induced DNA damage triggers the response. In this investigation, we demonstrate that hypersensitivity to UV-C light of NER mutants, which are deficient in the removal of UV-C-induced DNA damage (Weber et al., 1988; Hayashi et al., 1998) , is due to massive induction of apoptosis (as determined by annexin staining, electrophoretic DNA laddering, and activation of caspases) but not to a significant extent to necrosis. The increased apoptotic response of NER-deficient cells indicates that nonrepaired UV-C-induced DNA damage acts as a primary trigger of apoptosis. The data confirm a recent report demonstrating repair of pyrimidine dimers by photolyase in mammalian cells to protect against apoptosis (Chigancas et al., 2000) . One might argue that the apoptotic pathway is evoked specifically in repair-deficient cells. This however is not true. Treatment of DNA repair-proficient CHO-9 and ERCC1-complemented 43-3B cells with an equitoxic dose (as measured by loss of colony-forming ability) of UV-C resulted in a level of apoptosis comparable with that observed in the repair-deficient mutants. This indicates that reproductive cell death induced by UV-C light in normal repair-proficient CHO fibroblasts is also caused by apoptosis triggered by nonrepaired DNA damage.
The major cell-killing lesions induced by UV-C light are pyrimidine dimers and (6-4) photoproducts (Friedberg et al., 1995) . If nonrepaired UV-C-induced DNA lesions trigger apoptosis, the question arises as to whether the primary DNA damage itself (i.e., the base damage) constitutes the signal activating the apoptotic pathway or whether other (secondary) lesions arising from them are involved. The primary base damage is very likely not sufficient in triggering apoptosis, at least in fibroblasts, because apoptosis is a rather late response that requires cell proliferation (as discussed below). A critical candidate of secondary lesions could be DSBs, which have previously been shown to be very efficient in inducing apoptosis (Lips and Kaina, 2001) . UV-C light does not induce DSBs per se. However, DSBs can be formed during DNA replication due to nuclease attack at stalled replication forks, which has been proposed to be a critical event not only for UV-C but also for other genotoxic agents (Kaina et al., 1997a; Kaina, 1998) . To examine whether unrepaired UV-C light-induced DNA lesions are converted into DSBs by means of DNA replication, we analyzed the induction of DSBs by neutral SCGE. We also analyzed chromosomal aberrations arising from them. It is shown that UV-C induces significantly more DSBs and chromosomal aberrations in NER-deficient cells compared with NER-proficient fibroblasts. This indicates that primary nonrepaired UV-C light-induced DNA lesions are indeed converted into DSBs. The induction of DSBs was dependent on DNA replication because confluent G1 phase-arrested and serum-starved cells suppressed in DNA replication exhibited a reduced rate of UV-C-induced DSBs. This supports the hypothesis that DSBs induced by UV-C light are generated in S phase during the replication of DNA, which contains lesions blocking replication. Table 1 . Percentage of cells undergoing apoptosis after DNA replication Quantification was performed by simultaneous staining for DNA synthesis and apoptotic nuclear morphology after UV-C irradiation (36 h post-treatment; 10 J/m 2 ) of 27-1 cells. BrdU-labelling had been performed for 36 h after UV-C irradiation. It is of much interest that not only the frequency of DSBs but also the frequency of apoptosis was significantly reduced in UV-C light-treated cells that were nonreplicating due to serum starvation. This supports the hypothesis that DSBs are critically involved in UV-C light-induced apoptosis. Because serum starvation may cause side effects, we verified the finding by using cells of different confluence and proliferation status. These experiments revealed that UV-Cinduced apoptosis is indeed a function of proliferation, because apoptosis in CHO cells was reduced with increasing confluence and reduced DNA replication capacity (as measured by BrdU incorporation) of the cell population. As demonstrated by simultaneous BrdU labeling and nuclear staining of apoptotic cells, at least 70% of apoptotic cells have passed through S phase upon UV-C treatment. Replication dependence of UV-C light-induced apoptosis was confirmed with primary mouse fibroblasts exhibiting strong contact inhibition. These cells become highly refractory to UV-C-induced apoptosis when they were kept in a confluent state upon irradiation. Overall, the data indicate that the induction of apoptosis by UV-C light requires DNA replication. Apoptosis could be initiated in the postreplicative G2 phase or in the cell cycle thereafter. Because most UV-Cexposed cells undergo mitosis (in which chromosomal damage becomes visible) it is pertinent to conclude that apoptosis is initiated in the first postexposure cell cycle. This is supported by the fact that significant activation of caspases occurred in cells out of G1 phase 36 h after irradiation. Because the first postexposure mitotic cells exhibit massive chromosomal aberrations, it is tempting to speculate that loss of genetic material due to chromosomal deletions and translocations leading to a disturbed balance of gene expression could be critically involved in the initiation of apoptosis. Chromosomal aberrations as a trigger of apoptosis have been proposed before for another cellular system (Kaina et al., 1997a) and gain support by recent data from other investigations (De Santis et al., 2001) .
To study in more detail the molecular mechanism of apoptosis due to UV-C-induced DNA damage, we proved the involvement of various pro-and anti-apoptotic proteins. One major player is p53, which is inducible by UV-C light leading either to cell cycle arrest or apoptosis, depending on the cellular system (Agarwal et al., 1995; Guillouf et al., 1995; Liebermann et al., 1995; Pellegata et al., 1996) . CHO cells, however, do not express detectable p53 protein (our unpublished data). Also, luciferase assays with a p53-regulated mdm2-promoter construct showed lack of transactivating activity of p53 in UV-C-treated CHO cells (in contrast to p53-expressing mouse fibroblasts serving as a control). This demonstrates that p53 is functionally inactive in CHO-9 cells and the corresponding mutants we were working with. Inactivation of p53 in CHO cells has also been reported by another group (Lee et al., 1997) . It indicates that p53 does not play a role in the induction of apoptosis in our cellular system. This is important to note because it has been shown that UV-C activates the CD95 receptor, which is p53 regulated (Muller et al., 1998) . Furthermore, p53 has been shown to regulate the expression of proapoptotic Bax (Miyashita and Reed, 1995) . We should note that we did not observe up-regulation of the CD95R and CD95L as well as Bax after UV-C irradiation in CHO cells undergoing apoptosis (this article; and our unpublished data).
There is increasing evidence that DNA damage-induced apoptosis is regulated via the mitochondrial apoptotic pathway, with Bcl-2 the most prominent protein involved. Bcl-2 is mainly localized in the outer mitochondrial membrane forming heterodimers with proapoptotic Bax, thus preventing homodimerization of Bax (reviewed in Antonsson and Martinou, 2000) . Homodimerized Bax generates pores in the mitochondrial membrane, resulting in release of cytochrome c, apoptosis-inducing factor, and subsequent caspase-9 activation (Narita et al., 1998) . Based on this model, downregulation of Bcl-2 leads to induction of apoptosis, whereas up-regulation can prevent it. We show here that Bcl-2 is indeed down-regulated after UV-C irradiation in 27-1 and 43-3 cells. We also overexpressed Bcl-2 by transfection with an expression vector in NER-deficient 27-1 cells, thus protecting them from UV-C-induced apoptosis. In NER-proficient cells the decline in Bcl-2 level occurred only slightly and transiently and was observed only upon treatment with high doses of UV-C light. This is in contrast to NER-deficient 27-1 and 43-3B cells where Bcl-2 was not detectable anymore ϳ72 h after irradiation. Bcl-2 decline was first observed ϳ8 h after UV-C treatment and nearly paralleled the generation of DSBs. It therefore clearly preceded the induction of apoptosis. The results are in line with the view that Bcl-2 decline is a consequence of DSB formation upon UV-C treatment. The finding that ionizing irradiation as well as electroporation of PvuII, which both efficiently induce DSBs and apoptosis, are also able to induce down-regulation of Bcl-2 in p53-deficient cells (Lips and Kaina, 2001 ) supports this hypothesis.
It is well known that UV-C-induced DNA lesions block transcription, which has been suggested to act as a trigger of apoptosis (Ljungman and Zhang, 1996; Ljungman et al., 1999) . To prove the involvement of transcription blockage in apoptosis in NER-deficient fibroblasts, we compared transcriptional activity of UV-C-treated 27-1 cells with the corresponding wild type. We observed a dramatic reduction of transcription in NER-deficient cells but not to the same extent in the wild type upon UV-C irradiation, which is obviously due to unrepaired DNA lesions. Therefore, transcription blockage must also be considered to be involved in the induction of apoptosis. This conclusion gains support from experiments reported herein in which transcription was inhibited by actinomycin D, which, at the same time, induced apoptosis. Actinomycin D also caused down-regulation of Bcl-2, indicating that transcriptional inhibition could be a second component activating the Bcl-2-dependent apoptotic pathway. We should note that we were unable to block UV-C-induced apoptosis completely in growth-arrested CHO cells. The residual amount of apoptotic cells observed after growth inhibition could thus be due to transcription blockage, which is not influenced by the state of proliferation of the cells.
The time sequence of events, as measured in NER-deficient cells, is summarized in Figure 9 . It becomes obvious that the induction of DSBs and aberrations coincide with the Bcl-2 decline, which clearly precedes the appearance of apoptotic cells. The results therefore support a model suggesting that unrepaired UV-C-induced DNA lesions are converted into DSBs and aberrations by replication, leading to down-regulation of Bcl-2 and finally caspase activation. This model provides at the same time a simple explanation for the finding that UV-C-induced apoptosis in fibroblasts is, at least in part, replication dependent. Transcriptional inhibition may also come into play as a second (minor) component, causing activation of the mitochondrial apoptotic pathway upon the induction of DNA damage by UV-C light. This process appears to be independent of p53. It would be interesting to see whether the mechanism proposed is generally operating in fibroblasts and other cell types, notably p53-mutated tumor cells, and whether it competes with receptor-triggered apoptotic pathways.
